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Abstract
AlN (Aluminium Nitride) is a piezoelectric material that is often used in numerous applications as a transducer. C-axis crystal orientation control of AlN is very
important as it corresponds to a high piezoelectric coefficient. Crystal orientation
of sputtered AlN is strongly affected by its deposition parameters such as sputtering pressure, target to substrate distance, growth temperature, gas pressure
and frequency/duty cycle in the case of pulsed DC sputtering. Crystal orientation of AlN depends on the energy of the sputtered atom and the mobility of the
adatoms on the surface of the substrate. Varying the deposition parameters can
alter the kinetic energy of the atoms and vary the surface mobility of the adatoms
thus modifying the crystalline structure of AlN.
Along with crystal orientation the polarity of AlN can be critical. Typically,
researchers deposit a single layer where polarity is not critical, but for multilayers
or bimorphs, polarity control is needed. Since controlling polarity of AlN has
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not been well established for sputtered films, current devices are limited to single
layer. The motivation for creating bimorph structure is demonstrated using Finite
Element Modelling of a ultrasound membrane structure.
Molybdenum (Mo) is one of the most common electrode materials used as a
seed layer for AlN. The properties of AlN are dependent on the quality of Molybdenum thin film. Therefore, the morphological effects of Mo thin film by varying the sputtering parameters was investigated. Molybdenum was deposited using DC and pulsed DC sputtering techniques by varying power and temperature
and its properties including stress, electrical resistvities and crystalline properties
were studied.
The goal of the project was to demonstrate that controlling polarity of a bimorph (stacked) layer of AlN can lead to an increase in device performance, and
to develop a method of controlling polarity. Being able to control the polarity
of AlN will lead to fabrication of high classes of devices including high power
and high-frequency field effect transistors and efficient ultraviolet (UV) light emitting diodes. It also opens possibility of designing and fabricating MEMS (MicroElectro Mechanical Systems) devices with higher actuation and lower power consumption. In order to accomplish this the following systematic approach was
outlined:
1. FEM analysis of the stacked layer (chapter 3)
2. Deposition of bottom Mo (chapter 4) which acts as an electrode
3. Deposition of AlN (chapter 5)
4. Investigate method to control polarity (chapter 6)
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Chapter 1
Piezoelectricity and Aluminium
Nitride

1.1

Piezoelectricity

Piezoelectricity is the charge developed in certain material with a noncentrosymmetric structure. This charge can be developed in solid materials like crystals,
ceramics, or natural materials like bones. Piezoelectric charge developed in these
materials is due to the mechanical stress applied in these materials [1].

1.1.1

Historical Overview

Piezoelectricity was discovered by brothers Jacques Curie and Pierre Curie [2, 3].
They demonstrated the properties of piezoelectricity with tinfoil, glue, wire, magnets and a jeweler’s saw. It was found the tension and compression in the piezoelectric materials generated voltage in the opposite polarity and proportional to
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the applied load. Piezoelectric material demonstrates both direct and inverse effects. The direct piezoelectric effect was first discovered before the inverse piezoelectric effect. Both the direct and inverse piezoelectric effects are shown in the
figure 1.1 and 1.2.

Figure 1.1: Direct Piezo effect (Unitron Technologies Crop.)

Figure 1.2: Inverse Piezo effect (Unitron Technologies Crop.)

In 1881 the Curie brothers demonstrated the converse piezoelectric effect experimentally. They showed that if the voltage generating crystals are subjected to
electric field it elongated or shortened according to the polarity of the field. Piezoelectric materials became a subject of interest for the researchers as quartz which
is a piezoelectric material was used in World War I as a resonator for ultrasound
sources in SONAR to detect submarines through echolocation. Soon piezoelectric materials were found in the market as researchers found out that ferroelectric
materials such as BaTiO3 (barium titanate) could be easily converted to piezoelectric material by an electric poling process. It was also found the the piezoelectric
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materials formed by this process had higher piezoelectric constant than the one
which were natural piezoelectric material.The lattice structure of this material is
perovskite. Some devices that are manufactured with the help of piezoelectric
principle are as follows

• mechanical frequency filters
• surface acoustic wave devices
• bulk acoustic wave devices
• ultrasound microphone and speakers
• ultrasonic imaging
• micro pumps
• piezoelectric microphone
• generation of very high voltages

1.1.2

Piezoelectric Materials

AlN (Aluminium Nitride) is a manmade piezoelectric material which is not found
naturally. These types of piezoelectric materials have higher piezoelectric coefficient than the naturally occurring piezoelectric materials. Quartz is an example of
a piezoelectric material found in nature. 20 classes among the 32 class of crystal
exibits piezoelectric properties. 10 of these classes are polar and the remaining 10
classes are non polar piezoelectric materials. Polar piezoelectric materials shows
spontaneous polarization while mechanical load has to be applied in the non polar
piezoelectric material in order for polarization to appear.

3
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1.1.3

Charges in Piezoelectric Materials

Piezoelctric materials are anisotropic dielectrics, in other words, they are an insulator that transmits electric force without conduction. In a dielectric a dipole
moment is generated because of the two opposite electric charge generated at the
surface of the dielectrics. The dipole moment µ is given by µ=qr, where q is the
charge developed in the dielectric and r is the distance between two charges. A
dipole moment arises when the center of positive charge and center of negative
charge are not in the same position within the same regions. Polarization of a material can be calculated by the total dipole moment for a unit volume of the ma1
terial as is given by the formula P= ∑ µi , where V indicates the total volume of
V i
the sample. Materials can also contain dipoles without having net polarization as
∑ µi is a vector sum and the dipole moment cancels out. The dielectric constant is
i

given by e(C/Nm2 ). It defines the reduction of electric field. The dielectric properties of a material depends on the polarization properties, thermal properties and
elastic properties. Dielectric constant is also called the permittivity of the material.
Permittivity of a material is directly related to electric susceptibility χ which can
be defined as a constant that indicates the degree of polarization of a dielectric
material when some amount of electric field is present in the material. Permittivity and electric susceptibility are related to each other by a equation given as
e = eγ e0 =(1+χ)e0 for the isotropic case and the tensor relation eij = (δij + χij )e0 for
an anisotropic dielectric material. When mechanical stress is applied to the piezoelectric materials, the atomic structure of its crystal changes and the dipole moment is formed as the ions in the materials separate. For net polarization to occur
the formed dipole moment should not cancel each other out therefore the atomic
structure of the piezoelectric material should be non-centosymmetric. This dipole
moment formation in the piezoelectric material with an electric field applied to it
is the cause of deformation of this material. Figure 1.3 shows the hysteresis curve
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for polarization of ferroelectric material.

Figure 1.3: Hysteresis curve (Petia Dineva et al., 2014)
Hysteresis curve can be created by applying an electric field in the ferroelectric
material. This electric field should be applied until saturation polarization Psat is
reached. As the electric field is removed there is still a polarization in the piezoelectric material which is denoted by Pr and is known as remanent polarization.
When the electric field is coercive field Ec there is no net polarization due to the
mutual compensation of the polarization of different domains [4].
Monocrystalline materials such as Rochelle salt and quartz shows small piezoelectric effect. Barium titanate (BaTiO3 ) and lead zirconate (PZT) shows larger
displacements and also shows larger electric voltages, as they are polycrystalline
ferroelectric ceramics. These ceramics exhibit spontaneous polarization and above
curie temperature these ceramic materials loose their piezoelectric properties. Ferroelecric domains are formed in the crystallites of the ceramics. A ferroelectric
polarization is required to make these ceramics piezoelectric. After polarization
most of the reorientation of the atomic structure is preserved even without the

5
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application of the electric field.

1.2
1.2.1

Alumnium Nitride
Introduction

Thin film piezoelectric materials have advantages like low value of hysteresis and
high sensitivity, with ability to generate large mechanical deflections. Zinc oxide (ZnO), and Aluminium nitride (AlN) are the most commonly used thin film
piezoelectric materials which do not require electric polarization. Compared to
both ZnO and AlN, PZT (Lead zirconate titanate) shows high electromechanical
coupling coefficient (K2 ) and piezoelectric coefficient (dij ), but since the material
is lead based it is not compatible with most MEMS based fabrication processes
due to contamination of the cleanroom environment, ZnO and AlN is preferred
to PZT. Aluminium Nitride and zinc oxide have similar values for (K2 ) and (dij )
but AlN is preferred to ZnO because the Curie point of ZnO is low as compared
to AlN and also AlN is CMOS compatible.
Most of the radio frequency (RF) devices based on piezoelectric films rely on
AlN [5]. The main reason for this is that the material properties of AlN can be
reproduced exactly the same by keeping the deposition parameters the same and
AlN has a good thermal conductivity and also is a good insulator thus this property of AlN is right for filters in transmission line. AlN thin films can be deposited
or grown using the following techniques.

• Metal organic chemical vapor deposition (MOCVD)
• Molecular beam epitaxy (MBE)
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• Pulsed laser ablation
• DC sputtering
• Pulsed DC sputtering
• Rf sputtering
Among these deposition techniques DC, Pulsed DC and RF sputtering techniques
are widely used because of its capability to deposit AlN in low temperature and
also low cost thus making AlN suitable for fabricating MEMS devices.

1.2.2

Properties and Crystal Structure of AlN

AlN belongs to group III-V semiconductor family. The crystal structure of AlN is
of wurtzite structure. The figure of which is shown in figure 1.5

Figure 1.4: AlN crystal structure (Mim Lal Nakarmi, 2005)
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The lattice parameters of AlN ranges from 3.110 Å to 3.113 Å for the a- axis,
and from 4.978 Å to 4.982 Å for the c- axis. The c/a ratio varies between 1.600
to 1.602. Each Al atom is surrounded by four N atoms to form a tetrahedron
structure with three B1 bonds and B2 bonds. The bond lengths between B1 and
B2 are 0.1885 and 0.1917 nm respectively. The smaller bond angle is 107.7◦ and
the larger bond angle is 110.5◦ , respectively. The (100) plane is composed of the
B1 bonds, while the (002) and (101) planes consists of B1 and B2 bonds [6]. There
are 2 Al and 2 N atoms in a unit cell of AlN. These ions are four fold coordinated
for which ionic radii of 132 pm for N 3− and 53 pm for Al 3+ apply considering
AlN as a ionic structure [7]. The dielectric constant for thin film AlN amounts
to 10-11. The piezoelectric coefficient e33 =1.55 C/m2 . The coupling coefficient for
thickness vibration mode is Kt2 =6.5%. AlN has a high band gap of 6.1 eV in room
temperature. It has a high melting point of 2470 K.

Table 1.1: AlN Properties (Abid Iqbal et al, 2018)

Structural Properties

Density (g/cm3 )

3.257

Elastic modulus(GPa)

330

Elastic constant C11 ( GPa)

410 ± 10

Elastic constant C12 ( GPa)

149 ± 1

Elastic constant C13 ( GPa)

99 ± 4

Poisson’s ratio

0.22

Crystal structure

Wurtzite

Lattice constant()

a=3.112
c=4.982

Hardness(Kg/mm2 )

1100

Water absorption

None
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Density of states in conduction band (cm−3 )
Effective hole mass

Optical Properties

mhx = 10.43m0
4.8 × 1020

Optical phonon energy (meV)

113

Refractive index (visible to IR)

∼2.15

Breakdown field(V/cm)

1.2-1.8×106

Mobility of electrons/holes (cm2 /V.s)

135/14

Dielectric constant (static/high frequency)

8.5-9.14/4.6-4.84

Energy band gap (ev)

6.13-6.23

Resistivity (Ohm.cm)

1015

Thermal conductivity (W/m.◦ K)

140-180

Coefficient of thermal expansion(×10−6 /◦ C)

4.2-5.3

Debye temperature (◦ K)

1150

Melting Point (◦ C)

2200

Piezoelectric coefficient e15 (C/m2 )

-0.33∼-0.48

Piezoelectric coefficient e31 (C/m2 )

-0.38∼-0.82

Piezoelectric coefficient e33 (C/m2 )

1.26-2.1

Relative permittivity coefficient e11
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Relative permittivity coefficient e22

9

Relative permittivity coefficient e33
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Piezoelectric Properties

1.2.3

mhz = 3.53m0

Density of states in valence band(cm− 3)

Electrical Properties

Thermal Properties

4.1 × 1018

Discussion of polarity in AlN

Polar direction of AlN cannot be switched by the application of electric field,
through poling like other ferroelectrics. The two surface of (00012) plane of AlN
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crystal are different when they are oriented in different polarization. If the top
surface of AlN crystal contains Al atom then it is termed as Al polar and if the
top surface of AlN crystal contains nitrogen atoms then it is termed as N polar
oriented films. The figure 1.5 shows the orientation of polarity in the AlN crystal.

Figure 1.5: ALN Polarity (Taro Yoshikawa et al, 2016)

One of the methods to determine the polarity of AlN is through etching. Dilute
KOH easily etches N polar AlN film but has a slow etch rate for Al polar AlN
films. This method can also be found to measure the inversion domains in the
AlN thin films [8]. When an electric field is applied in the AlN crystals the positive
ions of Al tends to stress along the direction of the electric field and negative ion
N tends to stress along the opposite direction this is also represented in the figure
1.5. The tetrahedrons from the AlN crystals deforms because of the rotation of
the bonds, this is one of the reasons for high Poisson’s ratio of AlN. The electrical
polarization of AlN cannot be measured as AlN is not a ferroelectric material.
Most crystalline substrates can be understood by piling up of spheres in closed
packed structures. Most thin films grow easily in a surface with its densest plane
parallel to the surface of the sample. The well known example of these are (111)
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film orientations of face centered cubic structure (fcc) elements as in Al, Pt, Cu
and others and (110) orientation of Mo and W [9]. The (0002) surface of AlN is
a polar one and needs more energy. Recent surface energy calculation for AlN
surface shows 6.31 J/m2 for (0002) planes, 4.81 J/m2 for (10-10) planes and 4.97
J/m2 for (11-20) planes [10]. In order to get (0002) orientation in AlN thin film
surface energy plays a major role. In sputter deposition of AlN (0002) orientation
can be obtained by decreasing the target substrate distance, by using a seed layer,
by controlling the chamber pressure and many other procedures. When different
orientations nucleate, some orientations grow faster than other orientations and
these orientation of faster growth will dominate the slower growth orientation.
Therefore for a better (0002) orientation of AlN film, nucleation of AlN in the
early state is necessary. The first few atoms that are deposited in the surface of the
substrate determines the polarity of the thin films. In the case of AlN, Nitrogen
and silicon bond are much stronger than Al and silicon bond, then when AlN is
deposited in silicon Al polar orientation of AlN is most likely to be grown [11].
The Al polar surface grows quicker than the N polar surface as Nitrogen atoms
attach slowly in N polar surface and also diffuses away. Therefore once a stable
grain in obtained after nucleation, it will keep its polarity during further growth.
The formation of anti phase boundaries costs energy, this is supported as when
AlN is sputtered in Al polar seed layer substrate the resulting orientation is Al
polar which otherwise would result in N polar surface.
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Sputtering
Sputtering process means to deposit materials from the target material to the substrate material in the presence of plasma. The target material is the material that
is to be deposited and the substrate material is the material in which the target
material is to be deposited. In our research we have deposited and analyzed thin
film of metals such as Molybdenum (chapter3) and also deposited thin film piezoelectric material AlN.
The sputtering system consists of a chamber, gas inlet, vacuum pump and
power supply. Both sputtering substrate and target is kept inside the sputtering
chamber. The sputtering system that we used is manufactured by AJA and in this
sputtering system the target is situated at the top and the substrate is situated at
the bottom of the chamber. This system uses Labview based Phase II-J computer
control system.
The sputtering system is connected with the inlet that feeds Argon (Ar) and
Nitrogen (N2 ) gasses. Vacuum pump is connected to both the load lock and the
main chamber to maintain high vacuum condition in the chamber. The power
supplied to the target is either DC, Rf or pulsed DC. For our deposition we used
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both DC and pulsed DC power supply. When the power is supplied to the target
that acts as a cathode, electromagnetic waves is generated that travels from cathode to anode. The gases in the chamber turn into plasma state in this process. The
gases in the plasma state is in ionized form and thus the positive ions are accelerated to the target. The forceful collision between the target and these ions eject
the targeted materials atoms and deposit them in the substrate. The deposition of
the metal to the substrate is taken place in high vacuum condition.
The schematic diagram of sputtering system used is shown in the figure 2.1.

Figure 2.1: Schematic of sputtering system

2.1

Pulsed DC Sputtering

Pulsed DC sputtering is a physical vapor deposition technique. It is widely used
in coating industries. It is mostly used in reactive sputtering of dielectric (insulator that can acquire charge while sputtering). In this work it is mostly used as
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reactive sputtering in a nitrogen environment in order to deposit Aluminum Nitrite. With the help of pulsed DC sputtering, sputtering of dielectric materials
such as zirconium and titanium oxide is done with ease with high deposition rate
as compared to normal DC sputtering.
The main advantage of using pulsed DC sputtering over DC sputtering is that
it reduces the formation of arcs which is caused by the formation of charge in
the target material. Deposition that is taken place when the arc is present causes
defect in the thin film and can also cause damage to the DC power system.
Power train used for pulsed DC reactive sputtering is shown in figure 2.2

Figure 2.2: Schematic of pulsed dc voltage (J Lopez et al, 2005)
In a pulsed DC sputtering sputtering system a high negative voltage is applied
to the target material (anode). The time at which high negative charge is supplied
is termed as ‘On Time’ (τon ). On time of the pulsed DC sputtering system lasts for
few microseconds and than is separated by short ‘Off Time’ denoted by τo f f which
is

1
5

1
− 10
of the duration of τon . The applied voltage during τo f f is zero or slightly

positive. Thus in the pulsed DC sputtering system the on time should be sufficiently short in order to prevent the formation of arc due to charge accumulation
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and the off time should be sufficiently long in order for the charge in dielectric to
be discharged. Critical frequency ( f c ) is the lowest frequency at which the pulsed
DC sputtering system can sputter arc free. Critical frequency can be found out by
fc =

1
τcycle

where τcycle = τo f f + τon [12]. τo f f can also be refered to as τrev . The depo-

sition rate of the pulsed dc sputering system is proportional to power deposited in
the plasma and to the duty cycle, which is defined as

τon
τcycle

in the frequency range

of 10 to 100 KHz.
As briefly mentioned earlier the main chamber of the sputtering system is
evacuated with the vacuum pump in order to obtain high vacuum in the chamber.
The pressure in the vacuum chamber after evacuating H2 O, Air, H2 is termed as
base pressure of the system. The chamber after evacuating with unnecessary gas
is back filled with necessary high purity inert process gas, usually Argon due to its
size and ability to convey kinetic energy upon impact with the target material. For
reactive sputtering, reactive gases such as nitrogen is also entered in the vacuum
chamber.
Modern Pulsed DC systems are capable of detecting arc as the target voltage
drops and automatically activates reverse voltage pulse in an attempt to stop the
arc. Arc which is eliminated with a single reversal of the voltage pulse is known
as micro-arc. Those that require more than one reversal of the voltage pulse to
suppress are called hard arcs.
Radio frequency (RF) power can also be used to sputter dielectric materials
but the quality of dielectric materials sputtered by the pulsed DC sputtering is
characterized to be better with less deposition time [13]. RF sputtering system
has a slow deposition rate thus pulsed DC sputtering system was developed in
order to eliminate arcs as well as have a higher deposition rate compared to RF
sputtering system.
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2.2

Sputtering parameters in deposition of AlN

Sputtering parameters of AlN was chosen such that the substrate material results
in high crystallinity and high surface adatom mobility. In order to achieve this,
deposition parameters should be adjusted in a required manner, which are explained in detail below.

2.2.1

Sputtering Pressure

The kinetic energy of molecular gasses describes that the ions of gases inside the
chamber has high kinetic energy in low pressure. Deposited adatoms of the target
material demonstrates higher mobility in low pressure hence growth of c-axis AlN
is favoured [14]. Researchers have also reported that as the sputtering pressure
increases AlN (1010) films are produced instead of AlN (0002) as the collision of
gases and atoms increases in higher pressure [15, 16] losing its kinetic energy. This
significantly decreases the piezoelectric properties.
In order to grow high quality AlN (0002) high purity of nitrogen gas is necessary, as any impurities effect the AlN quality. It is shown that as the quality
of nitrogen gas decreases the quality of AlN (0002) is also decreased and in some
cases difficult of grow [17]. Decrease in sputtering pressure causes compressive
stress to develop in the substrate while increase in sputtering pressure causes tensile stress to grow in the substrate.
In conclusion lower sputtering pressure is better than the higher sputtering
pressure as it increases the kinetic energy of the atoms and enhances (0002) orientation also regardless of the stress obtained in the substrate the AlN deposited
always shows highly oriented AlN (0002) i.e c axis oriented thin film [18, 19].
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2.2.2

Sputtering power

Sputtering power is easy to manipulate and easy to understand. A higher sputtering power means higher kinetic energy in the gases thus increasing deposition
rate at the same time higher the quality of the deposited film, unless deposition
rate is too fast then molecules don’t have time to orient themselves.
However researchers have shown that too high of the sputtering power causes
defect in the thin film [20]. The optimal range of sputtering power in DC sputtering is in the range of 150 W - 1800 W. This optimal range can differ for different
manufactures of the sputtering system.
The (0002) face of AlN consists of both B1 and B2 bond and the (1010) face
of AlN consists of only B1 bond. Thus the sputtering power needed to produce
(0002) orientation is greater than the sputtering power needed to produce (1010)
orientation [21].
It is also observed that in higher sputtering power compressive stress in the
substrate is obtained and vice versa.

2.2.3

Target to substrate distance

In general lower target to substrate distance results in better quality film. This can
be interpreted as when there is less distance for the atoms to travel, the ions in the
gases generate higher kinetic energy this increases the mobility of the adatoms
in the substrate suface thus obtaining the preferred orientation of the AlN thin
film which is (0002) orientation. Also, larger mean free path of the target atom
demonstrates better film quality. Mean free path is the average distance traveled
by the moving particle between successive collision. Mean free path (l) can be
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calculated from the equation [22]:
h
l=
2e



3N
π

1

3

µ

where e is the electron charge, h is the Plank’s constant, N is the carrier concentration and µ is the mobility.
On the other hand, larger target to substrate distance resukts in lower lesser
kinetic energy thus difficult to obtain AlN (0002) orientation.
Also as the target to substrate distance increases there is a higher formation
of Al-N dimer which aids in (1010) orientation of AlN thin film [23]. Previous
reports [24] have demonstrated (0002) growth to target distance. But our system
has larger target distance i.e. 11 cm vs other reports this demonstrate < 5 cm
distance, so we need to increase kinetic energy using other methods.

2.2.4

Substrate temperature

As the temperature of the substrate increases the mobility of the adatoms on the
substrate increases hence giving preference to the c- axis oriented film. Substrate
temperature helps increase kinetic energy of the adatoms on the surface. Larger
substrate temperature can also affect the thin film in a negative way by introducing thermal stresses in the film. Thus the substrate temperature should be
maintained in a optimal range. Higher substrate temperature is not well suited
for films with mixed crystal textures [25]. The increase in substrate temperature
not only helps in the growth of (0002) oriented AlN but also aids in good crystalline structure of thin film metals which is absorbed in our own deposition of
Molybdenum crystal. It is absorbed that as the substrate temperature increases
from room temperature to 500◦ C the FWHM of the XRD peak decreases from 0.50
to 0.32 indicating better crystalline property.
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2.2.5

Film thickness

It is well known that as the film thickness of AlN increases its quality of crystallinity increases. However with the increase in film thickness the roughness of
the film increases. Increase in film thickness decreases the FWHM value of the
XRD omega scan, which increases the value of piezoelectric coefficient i.e (d33 f )
and decreases the dielectric losses [26]. The quality of the film increases as the
thickness of the film increases. Thicker films are less sensitive to the lattice mismatch with the substrate as the lattice of the film will fully relax to its natural
value.

2.2.6

N2 to Ar Ratio

N2 to Ar ratio is a interesting topic as some researchers show that low concentration of N2 is enough to get a c-axis AlN while others disagree with it and show
that higher concentration of N2 is necessary for obtaining higher quality C-axis
oriented AlN. Researchers that shows low concentration of N2 is enough to get a
c-axis orientation explains that bigger mass of Ar is necessary to create B1 and B2
bond of AlN in the surface of the substrate while the researchers that argue the
need of pure N2 gas or lower concentration of N2 gas explain that 0002 orientation of AlN can only be formed when there is lower surface energy which is there
when the concentration of lighter N2 gas is more than the concentration of bigger
Ar gas [27].

2.2.7

Conclusion

The major parameters that can be altered in deposition of C-axis oriented AlN is
discussed above. It is also shown clearly in the figure 2.3. However, in our facility
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we are not able to change the target to substrate distance. It should be kept in
mind that the orientation of AlN (0002) depends on the mobility of adatoms in
the surface and also the landing kinetic energy of the ions in the surface of the
substrate and these can be altered by changing the above parameters.

Figure 2.3: Flow chart showing different sputtering parameters in depositing AlN
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Simulation

In this chapter Finite Element Modeling of the stacked layer of AlN is modeled by
changing its polarity. To study the potential controlling effects of polarization of
AlN, AlN based MEMS resonator was modeled in COMSOL Multiphysics 5.4. A
single layer and bilayer AlN thin film resonator is modeled and its effects when its
polarity is changed is studied. A single layer AlN is also termed as unimorph and
a bilayer AlN is also termed as bimorph. A unimorph is comprised of one active
AlN layer structure (Al/AlN/Al) and a bimorph is comprised of two active AlN
layers sandwiched by three Al layers (Al/AlN/Al/AlN/Al).

3.1

Design of the Resonator

The modeled resonator was a 6 mm circular membrane used to demonstrate ultrasound transducer. The final product of the resonator is shown in the figure
3.1.

21

Chapter 3. Simulation

Figure 3.1: Resonator
Layers of the resonators is clearly shown in the figure 3.2

Figure 3.2: Fabricated layers
The first layer of diaphragm was of silicon layer as shown in figure 3.2. The
thickness of the first layer silicon was 25 µm. The thickness of Al layer was 200
nm. The thickness of AlN layer was varied between 500 nm each and 1000 nm
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for the different studies that were being done. The thickness of the base silicon
layer was 500 µm for all the studies. In case of unimorph the top Al layer and
bottom Al layer acts as an electrode. Positive voltage in applied in the Top Al
layer and the bottom Al layer was grounded. In case of bimorph positive voltage
was applied in both top and the bottom Al layer and the middle Al layer was
grounded. The response in displacement in various conditions are studied and
the result is presented.

3.2

Unimorph resonator simulation

Explanation of Unimorph resonator simulation along with the results is described
in these sections.

3.2.1

Boundary conditions for Unimorph resonator

Simulation on COMSOL Multiphysics 5.4 was ran after importing the parameters,
building the geometry of the structure and selecting the materials for each bulk.
Boundary conditions for both electrostatic and solid mechanics was defined. The
notation of the boundary conditions was demonstrated in the figure 3.3 and 3.6.
The settings of each boundary are showed in the table 3.1. The external voltage
was applied at β p1 terminal. β p1 top edge was set as ground. The value of voltage
that was applied was 50 V. The surface of the resonator was applied to a fixed
boundary condition. Rest of the boundaries for the Solid Mechanics interface are
set as free and the Electrostatics interface was set as Zero charge.
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Figure 3.3: Notation of boundaries for Unimorph

Figure 3.4: Notation of boundaries for Unimorph (focused)
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Table 3.1: Mechanical and Electrical boundary conditions for Unimorph
Boundary

Mechanical

Boundary

Conditions
β R symmetry of the res-

Electrical

Boundary

Conditions

Axial Symmetry

onator
β T , β B , β Rs , β Ls Top,

Free

Zero charge

β Bs Bottom bulk silicon

Fixed constraint

Zero charge

P, Piezoelectric layer

Piezoelectric material

Charge

bottom, right and left
boundary of the resonator

conservation,

Piezoelectric
β p1 , Top Al layer

Linear Elastic Matarial

Terminal

β p2 ,Top edge of bottom

Linear Elastic Matarial

Ground

Al layer

3.2.2

Mesh settings for Unimorph resonator

Prior to the simulation of the device, meshing of the structure was done. Free Triangular mesh was used as a meshing geometry. The complete mesh in the structure consisted of 110326 domain elements and 21644 boundary elements. The
element size parameters of the mesh is given in the table 3.2 and the meshed geometry is shown the figure 3.5.
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Table 3.2: Element size Parameters
Maximum element size

0.201mm

Minimum element size

9E-4mm

Maximum element growth

1.3

rate
Curvature factor

0.3

Resolution of narrow re-

1

gions

Figure 3.5: Mesh result of unimorph
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3.3

Bimorph resonator simulation

Explanation of bimorph resonator simulation along with the results is described
in these sections.

3.3.1

Boundary condition for Bimorph resonator

Figure 3.6 shows the notation for boundaries of bimorph resonator. Figure 3.6
and Figure 3.3 looks similar even though they are not,the multilayer of bimorph
is not seen clearly in figure 3.6 . The focused figure of bimorph is shown in Figure
3.7 along with the notations for boundary condition. The boundary condition for
unimorph and bimorph is similar,the ground for bimorph is different and is the
top edge of the β p2 and also there are two terminals for the bimorph resonator. The
value of voltage applied in both the terminal is 50 V. The setting for each boundary
is shown in the table 3.3. All the rest of the boundaries are set as Free for the Solid
Mechanics interface and set as Zero charge for the Electrostatics interface.

Figure 3.6: Notation of boundaries for Bimorph
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Figure 3.7: Notation of boundaries for Bimorph (focused)

Table 3.3: Mechanical and Electrical boundary conditions for Bimorph
Boundary

Mechanical

Boundary

Conditions
β R symmetry of the res-

Electrical

Boundary

Conditions

Axial Symmetry

onator
β T , β B , β Rs , β Ls Top,

Free

Zero charge

β Bs Bottom bulk silicon

Fixed constraint

Zero charge

P1, Piezoelectric layer

Piezoelectric material

Charge

bottom, right and left
boundary of the resonator

conservation,

Piezoelectric
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P2, Piezoelectric layer

Piezoelectric material

Charge

conservation,

Piezoelectric
β p1 , Top Al layer

Linear Elastic Matarial

Terminal

β p2 ,Top edge of middle

Linear Elastic Matarial

Ground

Linear Elastic Matarial

Terminal

Al layer
β p3 , Bottom Al layer

3.3.2

Mesh settings for Bimorph resonator

Complete mesh in the bimorph resonator consisted of 153182 domain elements
and 32364 boundary elements. The element size parameter is similar to table 3.2.
Free triangular mesh is used to mesh the resonator. The focused result after the
mesh is shown in the figure 3.8.

Figure 3.8: Mesh result of bimorph resonator (focused)
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3.4
3.4.1

Frequency analysis and result data set
Eigen frequency and Frequency domain

To get the resonant frequency of the resonator Eigen frequency study is done.
The resonant frequency of the resonator in mode 1 is found. The displacement of
the resonator thin membrane in the resonant frequency is found with the help of
frequency domain study. The damping ratio used before calculating the displacement is calculated as 0.04 for all the cases. Geometric nonlinearity is included in
both the cases of eigen frequency and frequency domain analysis.

3.4.2

Result data set

The result obtained i.e displacement vs diameter is calculated from the result data
sets. In this case, we need to set 3D cut line to get the results of displacement vs
arc length. Figure 3.9 shows the cut line geometry of the model. The red line in
the figure 3.9 shows the line of evaluation.

Figure 3.9: 3D cutline of the resonator
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3.5

Results and Analysis

Polarity of AlN was changed by reversing the polarity in the material properties
and the results are plotted as displacement of the membrane vs diameter of the
membrane for both unimorph and bimorph resonators.

3.5.1

Result of unimorph FEM simulation

For unimorph resonator with 500 nm AlN layer the resonator frequency is about
26.081 KHz and displacement of the membrane is 4.4 µm for 3 mm diameter of
the membrane and electrodes. The resonator has the highest displacement at the
center of the resonator i.e 3 mm. The result of the simulation at 3 mm diameter is
shown in figure 3.10.

Figure 3.10: 3 mm unimorph resonator (500 nm AlN)
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Similarly simulation is carried out in various diameters for 500nm AlN thickness and the results are plotted in figure 3.11.

Figure 3.11: 3 mm unimorph resonator (500 nm AlN) diameter vs displacement

For unimorph resonator with 1000 nm AlN layer thickness the resonator frequency is about 26.441 kHz and displacement of the membrane is 4.84 µm for 3
mm diameter of the membrane and electrodes. The result of the simulation is
shown in figure 3.12.
Similarly simulation is carried out in various diameters for 1000 nm AlN thickness and the results are plotted in figure 3.13.
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Figure 3.12: 3 mm unimorph resonator (1000 nm AlN)

Figure 3.13: 3 mm unimorph resonator (1000 nm AlN) diameter vs displacement
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From the simulation results it is clearly seen that the displacement of the membrane is higher when the AlN thickness is higher. In the above simulation result
the displacement of the membrane in 1000 nm thick AlN is higher by 0.44 µm.
Simulation results for unimorph is similar for both Al polar and N polar AlN.

3.5.2

Result of Bimorph FEM simulation

For bimorph resonator with 500 nm AlN each the resonator frequency is about
26.42 kHz. For the case of bimorph simulation four different cases is simulated
those are

1. Both AlN layer Al polar

2. Both AlN layer N polar

3. Top AlN layer Al polar bottom Aln layer N polar

4. Top AlN layer N polar bottom AlN layer Al polar

The simulation result of the above four cases at 3 mm diameter of AlN and Al
conductors are shown in figure 3.14.
Similarly simulation is carried out in various diameters and polarizations for
500 nm thick AlN bimorphs and the results are plotted in figure 3.15.
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Figure 3.14: 3mm bimorph resonator (500 nm AlN)

Figure 3.15: 3mm bimorph resonator (500 nm AlN) diameter vs displacement
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3.6

Conclusion From Simulation

From the result of simulations above we reported experimental data of a bimorph
resonator with two active AlN layer changing its polarity and the device comparision with its own unimorph counterpart. We observed a drastic change of
displacement when bimorph resonator in particular polarity is used instead of
unimorph resonator. We also observed that the polarity of AlN in bimorph resonator plays a vital role in increasing its displacement and concluded that the
displacement of bimorph is high when top AlN is Al polar and the bottom AlN is
N polar. Figure 3.16 shows the percentage increase and decrease when compared
with bimorph with highest displacement and two different unimorphs. Figure
3.17 shows the plot of diameter and displacement for the same. This increase in
the displacement of the resonator indicates a drastically improved electromechanical coupling and acoustic power generation capability. This work lays foundation
of AlN process in order to deploy low actuation voltage, high acoustic power for
applications including medical imaging.

Figure 3.16: Percentage increase and decrease between different resonators
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Figure 3.17: Diameter vs Displacement of unimorph and bimorph
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Sputter deposition of Molybdenum

Underlying electrodes are needed in most MEMS devices as piezoelectrics operate
in d33 or d31 mode, d33 mode is obtained when the strain is induced in z direction
per unit electric field applied in z direction similarly d31 mode is obtained when
the strain is induced in x direction per unit electric field applied in z direction.
Molybdenum is used at an electrode for its lattice mismatch properties to AlN
and also due to its inertness in nitrogen gas environment. It is one of the most
common metal that is deposited as a seed / electrode layer on a wafer before depositing AlN on top of it. It acts as an electrode for the AlN (aluminium nitride)
layer. The properties of molybdenum that attracts researchers towards it include
low electrical resistivities, high hardness, high acoustic velocities and low coefficient of thermal expansion [28]. Molybdenum is a body cubic centered metal.
The preferred orientation of sputter deposited Mo (Molybdenum) is (110) orientation. This orientation of Mo gives the highest density material [29]. The quality
of Mo thin films is dependent upon the surface mobility of the adatoms. For these
reasons the deposition parameters of the Mo thin film as such will have major
influence to determine the optimal parameters.
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4.1

Deposition of Molybdenum

Thin film Mo of thickness 100 nm is deposited in a silicon (100) wafers. The sputtering system that was used in deposition is AJA Orion confocal sputtering system
which is shown is figure 4.1. The deposition was performed in class 1000 clean
room. Prior to deposition the silicon wafer was cleaned using acetone, methanol
and isopropyl alcohol. After the wafer was cleaned the native oxide on the wafer
was removed using buffered oxide etch (6:1). The base pressure of the chamber
prior to sputtering was 8.2 × 10−7 Torr. Since the sputtering system used is confocal sputtering system the minimum target to substrate distance that can be maintained is 10 cm which was set for the experimentation. The chuck where the wafer
sits had a rotation of 10 rpm during the deposition in order to pursue a uniform
deposition across the wafer. The argon flow rate was set to 15 SCCM (standard
cubic centimeters per minute). Both DC and pulsed DC sputtering method was
investigated in depositing Mo. In order to clean the Mo target it was presputtered
for 10 minutes before the actual deposition. For the pulsed DC sputtering of Mo
50 kHz frequency and a 50% duty cycle in 3m Torr pressure was used. The table
4.1 shows the deposition parameters of the deposited Mo. Along with deposition
of Mo on silicon wafer, bilayer films consisting of AlN seed layer and a thin film
of Mo was also deposited. Twenty nanometer of AlN thin film was first deposited
on the bare silicon wafer with 75% N2 concentration. AlN was deposited with the
help of pulsed DC sputtering technique using 100 kHz frequency and 50% duty
cycle. 700 W of pulsed DC power was applied with 500◦ C substrate temperature.
Molybdenum was then deposited on top of this AlN seed layer in order to reduce
the lattice mismatch.
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Figure 4.1: Schematic of sputtering system

Table 4.1: Deposition parameters of Molybdenum
Sputtering Parameters

DC

Pulsed DC

Ar flow rate(sccm)

15

15

Pressure (m Torr)

3

3

Target distance (inch)

4

4

Power (W)

150, 250, 350

350, 500, 700

Substrate Temperature

RT, 150, 300, 500

150, 300, 500

Frequency (duty cycle)

NA

50 KHz (50%)

Film Thickness (nm)

100 ±10

100 ±10

(◦ C)
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4.1.1

Characterization

In order to study the crystalline structure of Mo X ray diffraction (XRD) of thin
film Mo was performed using Rigaku x-ray diffraction system. Figure 4.2 shows
Rigaku XRD system. Cu-Kα radiation target with 40 kV voltage and 40 mA current was used in characterization of the Mo thin film. The crystallite size was
calculated using Scherrer equation 4.1.
L=

Kλ
BCosθ

(4.1)

where K is 0.94 which is the Scherrer constant, L is the crystallite size and λ is the
wave length of the xray which is (1.5404) and B is the full width half maximum of
diffraction peak.

Figure 4.2: Rigaku XRD system
The intrinsic stress of the sample was determined by XRD analysis. The de-
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positing parameters plays a role in determining the intrinsic stress of the sample. Deposited Mo sample in (110) plane had different peak values thus indicating different spacing of (110) crystal planes which further indicates the presence
of intrinsic stress. When the measured 2θ value is less than the 2θ value of unstressed bulk Mo then the sample has tensile intrinsic stress as the crystal spacing
increases. Similarly, when the measured 2θ value is more than the 2θ value of unstressed bulk Mo then the sample has compressive intrinsic stress [30]. Stress in
the thin film Mo was calculated using the equation 4.2.
σ=

− E(d − do )
2vdo

(4.2)

where E is Young’s modulus of Mo (336 GPa), v is the Poisson’s ratio of Mo which
is equal to 0.298 and d and do are out of plane lattice spacing and relaxed lattice
spacing which can be calculated by Braggs law. The value of do can be calculated
from the 2θ value of unstressed bulk Mo which has a value of 40.41◦ for 2θ [31].
Electrical resistance of Mo thin film is measured using JANDEL (model RM3AR) four point probe. The figure 4.3 shows the figure of JANDEL fourpoint probe.

Figure 4.3: Four point probe
The electrical resistivity of the thin film was calculated based on film thickness
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according to equation 4.3.
ρ=

πt ∆V
ln(2) I

(4.3)

where ρ is the electical resistance, t is the thickness of the deposited molybdenum
∆ V is the voltage measured and I is the current supplied.
The thickness of the thin film was verified using surface profilometry measurements. A Dektak (Model 8) surface profilometer was used to measure the thickness of molybdenum thin film by patterning the film. Figure 4.4 shows Dektak
(Model 8).

Figure 4.4: Surface profilometer

4.2
4.2.1

Results
Effects of substrate temperature

In order to study the effects of temperature. The temperature of the substrate
was varied from room temperature to 500◦ C. While the temperature is varied the
power was kept constant at 350 W for DC sputtering and 500 W for pulsed DC
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Figure 4.5: XRD 2θ scan of DC suttered Mo for varying substrate temperature at
350W

sputtering. The chamber pressure of the sputtering system was maintained at
3m Torr and the deposition time was adjusted to maintain the thickness at 100
nm. XRD readings of the films were than measured. Figure 4.5 shows the XRD
reading of the film in constant DC power of 350W and varying temperature.
The surface mobility of the adatoms increases as the temperature of the substrate increases thus improving the crystallinity of the deposited Mo. This can
be clearly seen from figure 4.5. The FWHM value reduced from 0.5◦ to 0.32◦ as
the substrate temperature increased from room temperature to 500◦ C. Figure 4.6
shows the XRD result of the Mo film when it is deposited in constant pulsed DC
power of 500 W at varying temperature. In the case of pulsed DC power the
power values are increased as in pulsed DC sputtering the average power is reduced due to the duty cycle of the pulse DC. In the case of pulsed DC sputtering
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Figure 4.6: XRD 2θ scan of Pulsed DC suttered Mo for varying substrate temperature at 500W

FWHM value reduced from 0.4◦ for 150◦ C to 0.2◦ for 500◦ C. These two results
conclude that Mo deposited with pulsed DC power supply demonstrates higher
crystallinity.

4.2.2

Effects of deposition Power

Figure 4.7 shows the result for varying power while maintaining substrate temperature of 300◦ C for DC sputtered Mo films. From figure 4.7 it can be concluded that as the DC power increases the FWHM of the XRD peak decreases.
The FWHM value decreased from 0.81◦ to 0.42◦ . This concludes that as the power
increases the crystallinity of the film increases as increasing power increases the
surface mobility of the substrate and also affects the deposition rate.
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Figure 4.7: XRD 2θ scan of DC sputtered Mo for varying power at 300◦ C

Figure 4.8: XRD 2θ scan of pulsed DC sputtered Mo for varying power at 300◦ C
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Figure 4.8 shows the result of varying power with a substrate temperature of
300◦ C for pulsed DC deposition. This result also shows a decrease in FWHM
value of the XRD peak from 0.53◦ for 350 W power to 0.33◦ for 700 W power. This
result reinforces the conclusion that Mo deposited with the help of pulsed DC
deposition technique gives better quality Mo thin film.

4.2.3

Crystallite sizes

Figure 4.9 demonstrates the crystallite size of the Mo grains due to varying temperature. It is seen from this figure that as the temperature increases the crystallinity of Mo thin film increases. This can be inferred that as the substrate temperature increases the mobility of the adatoms in the surface increases and as the
Mo atoms deposits in this surface it gets binded with lower energy thus increasing
its crystallanity. In the case of DC sputtering process the crystallite size increases
from 17.7 nm for room temperature to 21.06 nm for 300◦ C, but when the temperature is increased from 300◦ C to 500◦ C the crystallite size is increased to 27.64
nm, which is a 56.1% increase in crystallite size as compared to room temperature. From figure 4.9 it is also seen that the crystallite size of the Mo crystal when
deposited with pulsed DC sputtering power increases too. For the pulsed DC
sputtering power the crystallite size increases from 22.11 nm when deposited at
150◦ C to 30.49 nm when deposited at 500◦ C.
Figure 4.10 shows the crystallite size as a function of power for both DC and
pulsed DC sputtered Mo. From this figure too it is clearly seen that the crystallite
size of Mo when deposited by pulsed DC sputtering process is larger than the
one deposited by DC sputtering process. Moreover in both the methods as the
sputtering temperature increased the crystallite size increased.
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Figure 4.9: Crystallite size as a function of sputtering temperature

Figure 4.10: Crystallite size as a function of power for DC and pulsed DC sputtered Mo
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4.2.4

Electrical resistivity

Figure 4.11 shows resistivity as a function of sputtering temperature. It can be
seen from figure 4.11 that as the sputtering temperature increases the resistivity
decreases. This is the case for both DC and pulsed DC sputtering. In the case of
DC sputtering at constant power of 350 W, resistivity decreases drastically from
room temperature to 300◦ C and then saturates when the temperature is further
increased to 500◦ C. The decrease of electrical resistance from 300◦ C to 500◦ C has
a difference of only 0.46 µΩcm. In the case of pulsed DC sputtering of constant
power of 500 W the electrical resistivity decreases from 9.77 µΩcm at 150◦ C to 8
µΩcm at 500◦ C. This concludes that low resistivity is obtained when the sample
is deposited with the help of pulsed DC sputtering technique.

Figure 4.11: Electrical resistivity of deposited Mo film as a function of Sputtering
Temperature.
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Figure 4.12 shows resistivity as a function of sputtering power. It is seen from
the figure 4.12 that as the sputtering power increases the electrical resistivity decreases.
This can be related to the grain boundaries since as the power increases the
crystallite size increases thus increasing the grain boundary of the deposited Mo
thin film, as the grain boundary increases the electrical resistivity increases as it
is easier for the electrons to travel from one grain to the other more quickly. It
is also seen from figure 4.12 that Mo thin film deposited with the help of pulsed
DC sputtering technique has lower electrical resistivity since it has larger crystallite size which is seen in figure 4.10. Figure 4.13 shows electrical resistivity as a
function of crystallite size . From this figure it is clearly seen that as the crystallite
size increases electrical resistivity deceases. It can also be seen that Mo thin film
deposited with pulsed DC power supply has low resistivity compared to Mo thin
film deposited using DC power supply.

Figure 4.12: Electrical resistivity of deposited Mo film as a function of Power

50

Chapter 4. Sputter deposition of Molybdenum

Figure 4.13: Electrical resistivity of deposited Mo film as a function of crystallite
size

4.2.5

Stress in Mo thin film

Figure 4.14 shows intrinsic stress as a function of substrate temperature. It is seen
that both DC and pulsed DC sputtering methods produces compressive stresses
in the film. It is seen from figure 4.14 that as the sputtering temperature increases
the compressive stress decreases. In case of DC sputtering technique it is seen that
the compressive stress is the same when the temperature is increased from room
temperature to 150◦ C. As the temperature is increased to 300◦ C the compressive
stress is increases to 2.39 GPa and when the temperature is increased to 500◦ C the
compressive stress is decreased to 1.59 GPa. In case of pulsed DC sputtering technique it is seen that as the temperature increases the compressive stress decreases.
But the least compressive stress is seen in 300◦ C i.e of value 0.86 GPa than 500◦ C
of value 1 GPa.
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Figure 4.14: Intrinsic stress of deposited Mo thin film as a function of Sputtering
Temperature

Figure 4.15: Intrinsic stress of deposited Mo thin film as a function of Sputtering
Power

Figure 4.15 shows intrinsic stress as a function of power. From figure 4.15
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it is seen that the DC sputtered thin films with low sputtering power (<250 W)
resulted in tensile stress while the films sputtered with (>250 W) resulted in compressive stress. It is also seen that pulsed DC sputtering technique resulted in
compressive stress over all the power value ranging from 350 W to 700 W. The
result demonstrates that the control of intrinsic stress of Mo thin film is possible
by controlling the sputtering parameters. It is also seen that higher quality of thin
can be deposited using higher power but the stress of the film is compromised.
Thus in order to deposit thin film Mo a perfect balance is required in order to get
high quality Mo thin film along with low intrinsic stress in the film. Least value
of compressive stress i.e 0.13 GPa was obtained when Mo thin film was deposited
at 350 W pulsed DC power.
Figure 4.16 demonstrates intrinsic stress as a function of Crystallite size. The
results demonstrate that as crystallite size increases there is a transition from tensile to compressive stress. Pulsed DC films and high-power DC films resulted in
a compressive stress.

Figure 4.16: Intrinsic stress of deposited Mo thin film as a function of Crystallite
size
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4.3

Conclusion

Thin film Mo was prepared by pulsed DC sputtering techinque and also DC sputtering techinque. Both pulsed DC sputtering and DC sputtering was done in confocal sputtering machine. Properties of thin film Mo was studied as it acts as a
base electrode for AlN which is to be further deposited in order to get a piezoelectric effect. From the experimental result it is seen that electrical resistivity of Mo
thin film is strongly dependent on the crystallite size of Mo, temperature of deposition and sputtering power. As Mo deposited by pulsed deposition techinque
showed lower resistivity, larger crystallite size and less stresses we can conclude
that thin film Mo deposited by pulsed DC sputtering technique was of higher
quality than thin films deposited by DC sputtering technique. As pulsed DC
sputtering technique solves the problem of arcing, higher quality film with less
surface defect compared to DC sputtering technique is obtained. Higher plasma
is observed while using pulsed DC sputtering thus better quality thin film is produced. Hence, stress and crystallinity of thin film Mo can be controlled by varying
deposition processes.
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After the bottom electrode (i.e) Mo was optimized the next step was to deposit
AlN on top of it. AlN was deposited both on top of Mo and also on bare silicon
wafer for characterizing. AlN was first deposited on bare silicon wafer. The XRD
result of the deposited AlN is shown in the figure 5.1. AlN in figure 5.1 was
deposited using pulsed DC sputtering method. The base pressure was 6×10−7 torr
before deposition. The substrate temperature was set to 200◦ C. Nitrogen gas flow
rate was set to 11 SCCM (standard cubic centimeters per minute) and argon gas
flow rate was set to 4 SCCM. A 600 W pulsed DC power was used for sputtering
with 50 kHz frequency and 10 µs pulse duration. This gives rise to 50% duty
cycle and 13.15 W/cm2 power density. The deposition pressure was 2.7 m torr
and the time of deposition was 40 minutes. The substrate after depositing AlN
was tested using PiezoMeter system. The picture of which is shown in figure
5.2. Piezometer is used to measure d33 piezoelectic coefficient (pC/N) value of
piezoelectric materials. Conducting ink is placed on top of the AlN substrate and
its d33 piezoelectric coefficient was measured to be 1pC/N.
After optimizing the parameters for depositing Mo, AlN was deposited on top

55

Chapter 5. Deposition of AlN
of Mo thin layer. The XRD result of which is shown in figure 5.3. Thin film Mo
was first deposited on Si (100) 4 inch wafer. It was deposited using 300W power
which gave rise to power density of 6.57 W/cm2 . The time of deposition was 6
min which led to film thickness of 110 nm (measured using surface profilometer).
Sputtering pressure during deposition was 3m torr and the substrate temperature
was set to 400◦ C. Argon gas flow rate was set to 15 SCCM. AlN was then deposited without breaking the vacuum of the chamber. AlN was deposited using
pulsed DC sputtering method in 600 W power giving raise to power density of
13.15W/cm2 . The deposition took place in 50% duty cycle and the time of deposition was set to 40 minutes. The flow rate of N2 was set to 15 SCCM and the flow
rate of Ar gas was set to 5 SCCM. Deposition pressure was set to 3m torr. This
deposited AlN also gave raise to piezoelectric coefficient value (d33 ) to 1pC/N.
Table 5.1 shows the parameters in depositing AlN in both the cases.

Table 5.1: Deposition parameters for AlN
Parameters

First wafer

Second wafer (with optimised Mo thin layer)

Base pressure

6×10−7 torr

6×10−7 torr

Substrate temperature

200◦ C

400◦ C

Power density

13.15 W/cm2

13.15 W/cm2

Nitrogen gas flow rate

11 SCCM

15 SCCM

Argon gas flow rate

4 SCCM

5 SCCM

Pulsed DC power

600 W

600 W

Lower value of FWHM (Full Width Half Maximum) was obtained when thin
film AlN was deposited on top of Mo rather than just bare Si wafer. Optimizing
the underlying Mo thin layer aided in generating better quality AlN thin film
layer. The value of FWHM of AlN peak that was obtained when depositing AlN
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on top of thin film Mo was 0.270 94◦ where as the value of FWHM of AlN peak
that was obtained when depositing AlN on top of bare silicon wafer was 0.301 88◦ ,
which results in a d33 of 2.7 pC/N.

Figure 5.1: XRD result of AlN in bare silicon wafer

Figure 5.2: Piezo Meter
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Figure 5.3: XRD result of AlN on top of thin film Mo

5.1

Problems faced in Sputtering after a gap

Similar experiment as above with same deposition parameters was performed
after four months gap, but the resulted film demonstrated a lack of AlN peak,
thus the film is amorphous. The XRD image of AlN peak using the same above
parameters i.e deposition of AlN in bare silicon is shown in figure 5.4. A thorough
investigation of this problem was carried out after getting this result of AlN.
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Figure 5.4: XRD result of AlN on bare silicon after a gap of 4 months

5.1.1

Contamination from oxygen molecular particles

Oxygen plays a major role in sputtering AlN (Aluminium Nitride) because even
a small amount of oxygen molecule present can negatively effect the piezoelectric property of AlN by reinforcing the deposition of Al2O3 (Aluminium Oxide).
As sputtering involves deposition of very small particle about 90 nm in size, the
overall specific surface area is increased thus easily prone to get contaminated by
oxygen molecule particles. On the other hand oxygen is also more reactive than
the nitrogen gas. Oxygen presence was suspected to be the cause of this problem.
We set up an alternate approach to determine if this problem was the issue.
Other researchers use the sputtering chamber to deposit different materials
which include the use of oxygen gas molecules. While depositing a material
which involves the use of oxygen i.e. (ZnO) or Al2O3 it gets sputtered in the
walls of the sputtering chamber. This sputtered oxide material consists of oxygen molecular particles which later on gets released when using DC or pulsed DC
sputtering at elevated temperature.
We suspected Oxygen could be the cause as MTTC (Manufacturing Training
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and Technology Center) users started depositing Al2O3 during this gap. We first
looked at deposition of Al layer, we found that depositing an Al film gave us
a nonconducting material, this was determined by using a fourpoint probe test.
Then we investigated the material properties to determine the film that was deposited, for this we used an EDS (Energy Dispersive X-Ray Spectroscopy) analysis
of the sample.
The presence of oxygen in our case was detected. From the EDS analysis it
was clearly seen that Al2 O3 (aluminium oxide) was being deposited which can
only be possible in the presence of oxygen environment. Figure 5.5 shows the
result from the EDS analysis. Mass % of 4.98 Oxygen was found to be present in
the the sample. Oxygen content was found to be present in the samples deposited
at room temperature as well as elevated temperatures, but was more prominent
in high temperature depositions.

Figure 5.5: EDS result
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After the presence of Oxygen was found, we wanted to determine where Oxygen was coming from, which could include:

1. Oxygen leak
2. Oxygen from wafer in SiO2
3. Oxygen impurity in using low quality N2 gas
4. Oxygen from chambers (From other users depositing ZnO or Al2O3 )
It is not known if oxygen is responsible for amorphous AlN but we do know
from previous researchers the O2 can influence AlN piezoelectric properties and
crystallanity.

1. Oxygen leak
We first suspected an oxygen leak in the chamber from oxygen gas pipe line. Oxygen gas pressure was checked and the pipeline was thoroughly investigated. We
got no sign of oxygen gas leak in the chamber as the oxygen pressure was not
down and the oxygen gas storage system had no problem.

2. Oxygen from wafer in SiO2
Next oxygen from wafer in SiO2 was thoroughly examined. Fresh buffered oxide
etch was used to etch the native oxide of the silicon wafer, and also RF bias cleaning of the wafer was done when the wafer was kept in the sample both of these
changes did not gave us the result that we wanted, thus the problem of presence
of oxygen was still not solved.
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3. Oxygen impurity in using low quality N2 gas

Next the purity of the gas was examined. 99.999% (5N) pure Nitrogen gas was
used instead of 95.99% (1N) pure nitrogen gas that was being used previously.
This change of Nitrogen gas too did not solve the problem, as oxygen gas was still
present. However, when the Ar gas was changed to purer Ar gas we could see
the difference in Al peak. Al peak was not seen when the old Ar gas was used but
was seen when newer Ar gas was used. This is shown in figure 5.6 and figure 5.7.
This means that the quality of gas made a significant difference, but since AlN
is deposited at higher temperature there still must be oxygen gas from another
source.

Figure 5.6: XRD result of Al with old Ar gas
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Figure 5.7: XRD result of Al with new Ar gas

4. Oxygen from chambers (From other users depositing ZnO or Al2 O3 )
After all the possibilities of leakage of oxygen was studied, I believe that the major
source of oxygen is from the chamber. Our solution to solve this problem is to
try doing a burn run with no wafer to heat the chamber and remove the oxygen
contaminants, and also cleaning the sputtering chamber thoroughly, this work in
on going.

5.2

Conclusion

Since the presence of oxygen is being confirmed by the EDS analysis of Al deposited film. the next process was to solve the problem caused by the presence
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of oxygen. Possibilities for the oxygen to get into the sputtering chamber are a)
from prior deposition which involves oxygen gas b) impure N2 gas c) impure Ar
gas d) oxygen from the atmosphere due to not enough base pressure e) oxygen
gas leakage from the pipe line, most of these problems were investigated. Since
MTTC clean room had there own nitrogen gas generator the purity of N2 gas was
checked and was found to be about 96% pure. As in the deposition process of
AlN, 99.999% pure N2 gas is used our step of debugging these problem was to
change N2 gas to 99.999% pure N2 gas which was carried out but there was no improvement in thin AlN film. Finally the oxygen contamination from the chamber
from prior deposition was conformed after many investigation to other problems.
We are currently getting wafers deposited from CINT (Center for Integrated Nanotechnology) to check about oxygen on chamber.
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Future Experiments

The ultimate goal was to be able to create a bimorph AlN structure. We have
demonstrated the potential device enhancement in chapter 3. In order to achieve
that we needed to optimize the bottom electrode, which was accomplished in
chapter 4, then we need to deposit high quality AlN, which is ongoing. The next
step is controlling polarity.
Polarity of AlN is difficult to control. One method to control polarity is by
controlling the sputtering deposition condition. The polarization of AlN depends
on the oxidation state of the bottom electrode, deposition rate and also residual
oxygen in the chamber. Researchers [32] have shown that when an AlN thin film
is grown in an oxidized metal surface Al-polarity AlN thin film is grown.
Other methods of controlling the polarity of AlN are by controlling power and
pressure of the sputtering chamber. Al polarity is favored at high power and low
pressure condition and also in a Al rich condition [33].
Another way of controlling polarity is by changing the bottom metal electrode/seed layer. Al polarity AlN is grown in Aluminum layer whereas N polar-
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ity is grown on platinum layer. The metal in which nitride formation is favoured
promotes Al polarity and vice versa [34].
Once the cause of the problem that we are facing is solved, the next step would
be controlling the polarity through experimentation. Some of the ways to control
the polarity were mentioned above. We can move further in this area of research
and find a new way to control the polarity of AlN. I would consider using separate
bottom metal electrodes that has not been used in controlling the polarity and
I would also consider controlling sputtering deposition parameters in order to
control the polarity.
After depositing AlN on a Silicon wafer the next step is to figure out the deposited polarity, which can be done in various ways some of them are using a)
Scanning transmission electron microscope (STEM) b) Piezometer c) Piezoelectric
force microscope (PFM) d) surface etching methods e) covergent-beam electron
diffraction (CBED). Two or more of these methods can be used to check and conform the polarity of the deposited AlN.
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